The Inconel 740 superalloy was prepared by the electron beam smelting (EBS) technology, the precipitation behavior and strengthening mechanism were studied, and the hot deformation characteristics of EBS 740 superalloy were investigated. The results indicate that the EBS 740 superalloy is mainly strengthened by the mechanism of weakly coupled dislocation shearing, and the resulting critical shear stress is calculated to be 234.6 MPa. The deformation parameters show a great influence on the flow behavior of EBS 740 superalloy. The strain rate sensitivity exponent increases with the increasing of deformation temperature, and the strain hardening exponent shows a decreasing trend with the increasing of strain. The activation energy of EBS 740 above 800°C is measured to be 408.43 kJ/mol, which is higher than the 740H superalloy. A hyperbolic-sine-type relationship can be observed between the peak stress and Zener-Hollomon parameter. Nevertheless, the influence of deformation parameters is found to be considerably different at temperatures below and above 800°C. The size of dynamic recrystallization (DRX) grains decreases with the increasing of strain rate when the strain rate is lower than 1/s, and reverse law can be found at higher strain rate. As a result, a piecewise function is established between the DRX grain size and hot working parameters.
Introduction
The Inconel 740 superalloy is a c¢ strengthened nickel-based superalloy developed by the Special Metals Corporation and is used to fabricate the ultra-supercritical boiler tubes. It was designed to own a good creep strength at temperatures up to 750°C (100 MPa/10 5 h) together with a good corrosion resistance during the long-term operation (Ref 1) . The hightemperature strength of 740 superalloy is provided by the substantial precipitation of c¢-Ni 3 (Al,Ti) phase and solid solution strengthening of Co, Cr, Fe and Mo atoms. Besides, the formation of carbides such as TiC and Cr 23 C 6 can further strengthen the superalloy by retarding the grain boundary sliding (Ref 2, 3) . Moreover, the Ti, Al and Cr elements could provide the good corrosion resistance by formation of the three distinct oxidation layers for 740 superalloy (Ref 4) .
The Inconel 740 superalloy is commonly prepared by vacuum induction melting (VIM) or a combination of VIM plus vacuum arc remelting (VAR) or electroslag remelting (ESR). In this work, the 740 superalloy was prepared employing the electron beam smelting (EBS) technology. Compared with the traditional method, the EBS technology shows several advantages such as the better removal of non-metallic and volatile impurities, and the good control of energy distribution to acquire ingot with excellent metallurgical quality (Ref 5) . Besides, the superclean alloy free of inclusions could be obtained by using the water-cooled copper crucible, which could also lower the costs of production. As a wrought nickelbased superalloy, the deformation parameters of Inconel 740 superalloy are rather important during the forging process, which can be adjusted to obtain optimized microstructures and excellent properties. It is known that the processing parameters such as temperature, strain rate and strain show a great influence on the hot working behavior of wrought superalloys (Ref 6, 7) . Besides, the c¢ precipitates in the matrix can influence the hot workability of c¢ strengthened superalloys as well. Nevertheless, no detail descriptions about the influence of hot working parameters on the strain rate sensitivity exponent and strain hardening exponent as well as the dynamic crystallization behavior of Inconel 740 superalloys have been found in the open literature. As a result, it is quite necessary to investigate the hot deformation behavior of the 740 superalloy at lower and elevated temperatures.
In this paper, the Inconel 740 superalloy is prepared by the electron beam smelting technology. The strain rate sensitivity exponent and strain hardening exponent for the electron beam smelted Inconel 740 at various temperatures and strains are calculated. The dependence of flow behavior and microstructural evolution on deformation temperature and strain rate is established by introducing the Zener-Hollomon parameter. The effect of deformation parameters on the peak stress and dynamic recrystallization behavior are analyzed.
Materials and Methods

Materials and Heat Treatment
The raw materials for preparation of Inconel 740 were simple substances. The purity of each element and the smelting parameters were described in Ref 2. The chemical composition (wt.%) of the EBS 740 ingot is tested by the x-ray fluorescence (XRF) spectrometry. The sample for XRF detection was cut to a cylinder with diameter of 30 mm, and the surface layer was ground and mechanically polished. The compositions are as follows: Ni, 47.16; Cr, 25.98; Co, 20.70; Nb, 2.23; Ti, 1.76; Fe, 0.84; Mo, 0.56; Al, 0.45; Si, 0.21; Mn, 0.11. After the smelting process, the ingot was homogenized and subsequently isothermally forged at 1177°C followed by air cooling. Samples were cut from the forged bars, and solution treated at 1150°C for 30 min and aged at 800°C for 16 h.
The Compression Tests at Room and Elevated Temperatures
The compression tests were conducted on a Gleeble 1500 thermo-mechanical simulator, with the sample size of 5 mm in diameter and 10 mm in height. The aged samples were compressed at 538, 649, 760, 800, 1050 and 1150°C, respectively, with strain rates of 0.1/s, 1/s and 10/s to reveal the hot compression behavior of EBS 740 superalloy.
Metallographic Preparation
Samples for metallographic and SEM observation were mechanically polished and etched with a solution composed of 4 g CuSO 4 , 1 ml H 2 SO 4 , 20 ml HCl and 16 ml H 2 O. The SEM experiment was conducted on a Supra55 field emission electronic microscope. The accelerating voltage is 15 kV, and working distance is approximately 17 mm. The x-ray diffraction technique was employed on a Panalytical Empyrean diffractometer. The scanning step size and speed are 0.02°and 2.00°/min, respectively. The TEM experiment was conducted on a Tecnai G220 S-Twin electron microscope. The samples were mechanically thinned down to a thickness of 20-40 lm, and then were thinned by argon ion beam to acquire thin areas with thickness of several nanometers. The grain size of EBS 740 superalloy was calculated by the intercept method, and the size and volume fraction of the c¢ precipitates were determined by using the Image-Pro Plus software and the method of quantification metallographic analysis.
Results
Microstructures and Precipitation Behavior of EBS 740 Superalloy
The microstructure of EBS 740 superalloy after aging treatment is composed of equiaxed grains. The average grain size is approximately 74.15 lm with a standard deviation of 7.33 lm, and substantial annealing twins have been also observed, as shown in Fig. 1(a) . In the SEM secondary electron morphology, the dispersively distributed c¢ precipitates can be clearly observed. The size and volume fraction of c¢ precipitates are determined to be approximately 28.85 nm (STDEV = 2.38 nm) and 37.32%, respectively, by further quantification metallographic analysis of TEM images employing the Image-Pro Plus software.
In the superalloys which are strengthened by the precipitation phase, there exist two mechanisms when the dislocation movement is resisted, namely the particle shearing and Orowan looping mechanism. The shearing mechanism works when the precipitates are small and coherent, while larger and coherent precipitates are applicable to the Orowan mechanism. It is well established in the research work of L.M. Brown and W. Huther that the shearing mechanism is consisted of the strongly coupled dislocation (SCD) model and weakly coupled dislocation (WCD) model (Ref 8, 9) . The critical shear stress s for the three mechanisms can be expressed as follows:
where c APB stands for the antiphase boundary energy, whose value is 0.28 J/m 2 referring to Jackson et al. (Ref 10) ; d stands for the mean particle diameter; b is the value of Burgers Vector; f is the volume fraction of the c¢ phase; A is the numerical factor which depends on the morphology of the particles, whose value is 0.72 in the research; T is the line tension of dislocations, and its value can be evaluated as 0.5 Gb 2 (G represents the shear modulus); w is a constant that accounts for the elastic repulsion between the strong coupled dislocations, whose value can be estimated as 1 (Ref 11) ; a is a fitting parameter, whose value is 1.5. The shear modulus G of the EBS 740 superalloy is calculated as 80.17 GPa, and the Burger¢s vector is calculated to be 0.253 nm. The critical shear stress caused by the three mechanisms with the increasing of particle size is shown in Fig. 2(a) . The CRSS value increases with the increasing of precipitate diameter for WCD model and decreases for SCD and Orowan mechanism. It can be concluded from Fig. 2 (a) that when the particle size is less than 39 nm, the WCD model is determined to be the decisive mechanism for precipitation strengthening. When the size of the particle is between 39 and 99.6 nm, the SCD model will work. Further increasing of precipitate size gives rise to the Orowan looping of dislocations. The diameter of c¢ precipitates in EBS 740 is determined to be approximately 30 nm, which is also illustrated in Fig. 1(b) , and thus the WCD shearing is expected for the strengthening of EBS 740. In addition to the mechanism of shearing, the modulus hardening mechanism contributes to the strengthening behavior of EBS 740 according to Ardell (Ref 12) . The shear stress caused by modulus hardening is given as:
in which R denotes the radius of c¢, and DG denotes the shear modulus difference of the matrix and precipitates. The shear modulus of c¢ is determined to be 72.87 GPa. Consequently, the strengthening effects of WCD model and modulus hardening in relation with the volume fraction and size of c¢ are illustrated in Figure 3 presents the true stress-strain curves of the standard heat treated EBS 740 superalloy compressed at lower and higher temperatures with strain rate from 0.1/s to 10/s. It is clear that both the peak stress and compression strength decrease with the increasing of deformation temperature at a certain strain rate. Besides, the effect of deformation temperature is much more obvious at higher deformation temperature. However, the effect of strain rate on the peak stress is various at different deformation temperatures. When deformed at temperatures higher than 800°C, the peak stress increases with the strain rate, which is similar with the general results, as reported by Zhang et al. (Ref 14) . When the deformation temperature is lower than 800°C, it seems that the peak stress is higher at lower strain rate. The phenomenon is novel since the dynamic recovery process is not evident at lower deformation temperature.
Flow Stress of EBS 740 Superalloy
Discussion
Strain Rate Sensitivity Exponent
The strain rate sensitivity exponent is a measurement of the way the stress on a material reacts to changes in strain rate, and could be calculated by the following equation (Ref 15):
where r is the flow stress; _ e is the strain rate; eis the strain; T denotes the absolute temperature. It can be seen from Fig. 4 (a) that the strain rate sensitivity exponent increases with the increasing of deformation temperature when the strain rate is 0.5. Nevertheless, compared with the deformation at high temperatures, the strain rate sensitivity exponent becomes negative at lower deformation temperatures. The phenomenon indicates a coexistence of the Portevin-Le Chatelier (PLC) effect and relatively inhomogeneous deformation at temperatures lower than 800°C (Ref 16) .
The variation of strain rate sensitivity exponent with strain at deformation temperature of 538 and 1050°C is shown in Fig. 4 (b). It can be seen that the variation of strain rate sensitivity exponent shows similar characteristics with the flow stress-strain curve when deformed at 1050°C. The strain rate sensitivity exponent decreases firstly at lower strain, and then increases significantly at higher strain, and finally become stable. The strain rate sensitivity exponent represents the capacity of material to resist necking and influence the overall deformation stability in high temperature deformation (Ref 17) . It is usually believed that the variation of strain rate sensitivity with strain is affected by three mechanisms, namely the work hardening arised from the dislocation accumulation and interaction among dislocations, the thermal softening effect related to the dislocation annihilation, and the microstructure evolution (Ref 18) . In the early stage of deformation, the density of dislocations increases with the increasing of strain. The aggregation of dislocations would give rise to the stress concentration, which could degrade the stability of hightemperature deformation, thus the strain rate sensitivity exponent decreases. With the further deformation of EBS 740 superalloy at higher temperatures, the accumulation of dislocations in the grain and at the phase boundaries promotes the nucleation of DRX grains, and the strain rate sensitivity exponent increases. During the terminal stages of deformation, a balance could be reached with the mutual effect of hardening and dynamic softening, namely dynamic recovery and dynamic recrystallization, thus the third stage could be expected. Compared with the deformation at 1050°C, it is interestingly found that the values of strain rate sensitivity exponent are negative when deformed at 538°C. Besides, with the increasing of strain, the m value increases dramatically firstly and then keeps almost constant at strain greater than 0.12. The phenomenon of negative strain rate sensitivity (NSRS) has been reported in a number of nanostructured or aluminum alloys, which is considered to be caused by the interactions between dislocations and solutes or precipitates (Ref 19, 20) . The smaller strain rate sensitivity exponent value at lower strain is connected with the higher degree of inhomogeneous deformation. Nevertheless, the degree of inhomogeneous deformation is alleviated with the deformation going on, and results in a stable strain rate sensitivity of about À 0.02.
Strain Hardening Exponent
The strain hardening exponent is an important factor in characterization of the ability of deformation resistance, which results from a balance between the hardening mechanism and softening mechanism. The strain hardening exponent n could be calculated in the following form (Ref 21):
The variables in Eq 6 are the same as described in Eq 5. The variation of strain hardening exponent with strain at various strain rates and deformation temperatures can be seen in Fig. 5 . When deformed at lower temperature, the value of n decreases with the increasing of strain. Similar decreasing trend can be observed for various strain rates, as shown in Fig. 5(a) . The strain hardening exponent with lower strain rate is greater than that with higher strain rate, which could arise from the more homogeneous deformation and stable dislocation shearing and breaking-free process. When deformed at higher temperature, the value of n decreases gradually with strain and reaches a negative value at a strain of approximately 0.3. However, the strain rate influences the strain hardening exponent significantly. The value of n is much bigger at lower strain with the strain rate of 10/s, and much smaller when the strain is higher than 0.4. It can be concluded that softening mechanism become more obvious with the increasing of strain, which is similar with the research work of Wang et al. (Ref 17) , in which the softening is considered as the critical mechanism during isothermal compression with lower strain at higher deformation temperature. The softening mechanism can be also discovered in the flow stress-strain results that the stress reaches a peak value firstly, and then decreases with the increasing of the strain. Besides, it can also be found in Fig. 3 that the flow stress reaches its peak value at a lower strain when deformed at higher temperature. The more notable softening effect at higher strain rate equations (Ref 22):
where A 1 and A 2 are structural factors; n stands for the stress exponent; r p represents the peak stress; b is a constant. The value of b, A 1 , A 2 and n¢ are constant which are independent of temperature. Equation 7 is applicable at a lower stress level, namely at higher deformation temperature, while Eq 8 is applicable in the opposite situation. Equations 7 and 8 can be transformed into the following formulas when the logarithm is applied on both sides:
As a result, the value of n¢ and b above 800°C can be calculated combining with the fitting results in Fig. 6(a) , whose value is determined to be 5.2590 and 0.0199, respectively. According to the model well established by Sellars and Tegart, a more general form was introduced, which was suitable for a wide stress range. It can be expressed as ( Ref 23):
where A is a constant; a is the value of b/n¢; Q denotes the deformation activation energy of high temperature; R is the gas constant. The formula can be described as follows to obviously observe the relationship between the peak stress, strain rate and deformation temperature:
The relationship between ln _ e and lnsinh(ar) is shown in Fig. 6(b) , thus the average value of n is calculated to be 4.373 by linear fitting. The relationship between lnsinh(ar) and 1/T at a constant stain rate is shown in Fig. 6(c) . Consequently, the deformation activation energy for EBS 740 superalloy above 800°C is determined to be 408.43 kJ/mol. The similar method can be applied to calculate the deforma- Table 1 and compared with other superalloys. As can be concluded from Table 1 that the activation energy of EBS 740 superalloy at high temperatures is much higher than both 740H and 690 alloy, and even comparable with Inconel 718 who is strengthened by L1 2 ordered face-centered cubic (FCC) c¢ phase and body-centered tetragonal (BCT) structured c¢¢ precipitates. The relationship between the peak stress and Zener-Hollomon parameter can be plotted from Eq 13, as shown in Fig. 7 . It can be observed that the hyperbolic-sine function obeys a good linear fit with the logarithmic value of Z for both higher and lower deformation temperatures. Nevertheless, the deformation behavior at lower temperature is obviously different from that at higher deformation temperature. The relationship between the peak stress and the Zener-Hollomon parameter can be expressed as follows: The peak stress at lower deformation temperatures is much higher compared with that deformed at temperatures higher than 800°C. The phenomenon is attributed to the fact that the rearrangement of dislocations, namely dynamic recovery is restrained at lower deformation temperature, especially in superalloys with low stacking fault energy.
4.3.3
The relationship Between the Zener-Hollomon Parameters and Grain Size. The relationship between the Zener-Hollomon parameter and the grain size of dynamic recrystallization (DRX) grains can be described by the following power law equation:
in which k is usually chosen as a negative value, which means the size of DRX grains decreases with strain rate and increases with the deformation temperature (Ref 28) . The optical microstructures of EBS 740 superalloys deformed to a strain of 0.7 at various temperatures with different strain rates and subsequently quenched are shown in Fig. 8 . The variation of DRX grain size with temperature and strain rate for EBS 740 superalloy is shown in Table 2 . When the strain rate is lower than 1.0/s, the DRX grain size increases with deformation temperature and decreases with strain rate. Nev- Fig. 6 The relationship between the ln _ e and r p /lnr p at various temperatures ertheless, the DRX grain size increases with the increasing of strain rate and deformation temperature when the strain rate is greater than 1.0/s. Similar results are observed in the research work of Wang that the strain rate plays opposite roles under different ranges for the DRX grain size (Ref 29) . The relationship between the deformation parameters and DRX grain size can be expressed as a piecewise function as follows at different strain rates:
where B 1 , B 2 , k 1 , k 2 are constant values, and Q¢ represents the value of À k 2 AEQ. The relationship between the DRX grain size and hot working parameters is plotted in Fig. 9 . As a result, the value of B 1 , B 2 , k 1 and k 2 can be calculated by the linear fitting results in Fig. 9 . The piecewise function can be renewed as follows for the EBS 740 superalloy: When the strain rate is lower than 1/s, the increasing of strain rate accelerates the dislocation movement, and the accumulation of dislocations at the grain and phase boundaries could promote the nucleation of DRX grains. In the meantime, the decreasing of strain rate extends the deformation period, which facilitates the crystallization and grain growth. Nevertheless, when deformed with higher strain rate, a significant amount of adiabatic heating could be produced during the deformation. The temperature change due to adiabatic heating during compression at a high strain rate can be calculated by the following equations (Ref 29) :
where DT is the temperature variation; g denotes the adiabatic factor, whose value is 1 when used adiabatic conditions at rates The temperature increase by adiabatic heating at higher deformation temperature with strain rate of 10/s is shown in Table 3 . It can be seen in the table that the temperature rise increases with the strain at a certain temperature, and decreases with the increasing of deformation temperatures. The influence of the resulting adiabatic heating could be considered in the following two ways. The mobility of highangle grain boundary is much larger at higher strain rate according to the Arrhenius relationship. When the grain boundaries migrate faster than the development of interior substructure, the larger grain size could be discovered with the increasing of strain rate. The other effect is that the adiabatic heating could give rise to the solution of c¢ precipitates, especially when the deformation temperature is higher than 800°C. The precipitation behavior of c¢ phase deformed at 1050°C and 1150°C can be analyzed by separating the lowangle diffraction peaks on (200) plane employing the Gaussian fitting method, as shown in Fig. 10 . The precipitation behavior of c¢ phase at strain rate of 0.1/s and 1/s is similar when deformed at 1050°C and 1150°C. Nevertheless, when the strain rate is 10/s, the ratio of c¢/c decreases significantly compared with that deformed at lower strain rates. The reason is that the dissolution of c¢ occurs due to the resulting adiabatic heating at higher strain rate. Consequently, the effect of c¢ precipitates on promoting the grain nucleation and hindering the grain growth is weakened. The TEM microstructures before Fig. 7 Relationship between the peak stress and compression parameters deformation and deformed at 1050°C with strain rate of 10/s are shown in Fig. 11 . The c¢ precipitates with size of several nanometer can be clearly observed in the deformed microstructure, which is shown in Fig. 11(b) . Nevertheless, the volume fraction and size of the c¢ precipitates are much smaller compared with those before deformation. The morphology of c¢ precipitates before deformation is shown in Fig. 11(a) . Figure 11 (c) exhibits the morphology of DRX grains and subgrain structure in a DRX grain. The substantial subgrain structure can be also observed in Fig. 11(d) , which means the dynamic recovery and dynamic recrystallization proceed simultaneously. It should be noted from Fig. 11(c) that the grains are preferred to nucleate around the c¢ precipitates. The effect of c¢ precipitate on grain nucleation and growth is also established in Ref 31.
Conclusions
The electron beam smelting technology was employed to prepare the Inconel 740 superalloy, and the strengthening mechanism and deformation characteristics were investigated. From this work, the following conclusions can be drawn:
(1) The grain size of EBS 740 superalloy is about 74.15 lm, and the c¢ precipitates with diameter of The size of dynamic recrystallization (DRX) grains decreases with the increasing of strain rate when the strain rate is lower than 1/s, and reverse law can be found at higher strain rate. The dependence of DRX grain size on the deformation parameters is determined to be a piecewise exponential function at various strain rates.
